Aim: To assess the efficacy and safety of add-on therapy with the dipeptidyl peptidase-4 inhibitor teneligliptin compared with sitagliptin in patients with type 2 diabetes (T2DM) inadequately controlled with metformin and glimepiride.
agents. 16 These figures provide insight not only into the utilization of dual and triple combination therapy, but also the continued unmet need in controlling T2DM, which provided the impetus for this clinical trial.
In patients with inadequate glycaemic control on metformin plus a sulfonylurea, DPP-4 inhibitors are a rational add-on for triple therapy. They have a neutral profile with regard to body weight gain and hypoglycaemia risk, and may help to minimize potential exacerbation by co-administered sulfonylureas, which are associated with elevated risks of body weight gain and hypoglycaemia. 2 Triple oral therapy that includes a DPP-4 inhibitor has shown superior glycaemic control to dual therapy. 17, 18 The objective of this study was to compare the efficacy and safety of adding teneligliptin or another established DPP-4 inhibitor, sitagliptin, to metformin and glimepiride in Korean patients whose T2DM was inadequately controlled.
| MATERIALS AND METHODS

| Study design
This was a phase 3, randomized, double-blind, active-controlled, noninferiority study evaluating the efficacy and safety of teneligliptin versus sitagliptin administered for 24 weeks as add-on therapy to metformin plus glimepiride in patients with T2DM and inadequate glycaemic control. It was conducted at 25 institutions in Korea from April 2015 to
July 2017.
Prior to initiation, the study was approved by the Korean Ministry of regulations. All study subjects provided informed consent prior to inclusion. The trial was registered at ClinicalTrials.gov (NCT02567994).
| Eligibility
The study included male and female subjects with T2DM aged ≥19 years at screening. All had HbA1c levels of 7.0% to 11.0%, a body prior to screening, and were undergoing diet and exercise therapy.
Patients were excluded if they met any of the following criteria: a history of type 1 or secondary diabetes mellitus; treatment with a DPP-4 inhibitor or GLP-1 analogue within 6 months prior to screening, or insulin treatment within 12 weeks prior to screening; taking body weight-loss drugs or having unstable body weight (change ≥5% in the past 6 months); poor nutritional status, weak condition or excessive alcohol intake (>21 units/week), as judged by the investigator; cardiac failure (New York Heart Association Class III-IV), congestive failure or arrhythmia requiring treatment; a history of myocardial infarction, unstable angina or coronary artery bypass surgery within 6 months prior to screening; diastolic blood pressure > 100 mm Hg and/or systolic blood pressure > 180 mm Hg; fasting triglyceride levels >600 mg/dL; a history of malignant tumour within the past 5 years; significant liver or renal disease; or ongoing treatment for hyperthyroidism or an abnormal thyroid-stimulating hormone level.
| Interventions
After screening, patients were treated with placebo in a single-blind manner during a 2-week run-in period. Those determined to be eligible for the study were randomized in a 1:1 ratio to either oral teneligliptin 20 mgthe maximum approved dose of teneligliptin in Korea -plus placebo matching sitagliptin, or oral sitagliptin 100 mg (plus placebo matching teneligliptin) for 24 weeks. Although the maximum approved dose of teneligliptin in Japan is 40 mg/d, the Korean regulatory agency (Ministry of Food and Drug Safety) granted marketing authorization of teneligliptin 20 mg/d in Korea. Assignment to either group was stratified based on the HbA1c level measured at the run-in visit (<8.0% or ≥8.0%). Randomization numbers were generated by an independent statistician for each institution using a stratified block randomization method and SAS (version 9.1 or above, SAS Institute, Cary, North Carolina) PROC PLAN procedure.
All subjects continued with metformin and glimepiride during the study. Metformin was maintained at the prestudy dose throughout.
Glimepiride dose reduction to a minimum of 2 mg/d was allowed after study enrolment at the discretion of the investigator; it could be reduced to ≥2 mg/d in the case of repeated (≥3 times a week) 
| Assessments
The primary endpoint was the change from baseline in HbA1c after 24 weeks of treatment for the teneligliptin group versus the sitagliptin group.
Secondary efficacy endpoints, all assessed relative to baseline at week 24, were: the proportion of subjects achieving HbA1c < 7.0% or < 6.5%; change in FPG; change in body weight and BMI; changes 
| Statistical analyses
The sample size was calculated based on a non-inferiority margin for change in HbA1c at 24 weeks of 0.4%, and a standard deviation (SD) of 0.9%. Based on these calculations, at least 80 subjects were required for 1:1 randomization and 80% power at the upper limit of a two-sided significance level of 5%. Assuming a drop-out rate of 20%, planned recruitment was set at 200 subjects.
Inter-group differences in baseline characteristics were assessed using t-test or Wilcoxon's rank sum test for continuous variables, and
Pearson's chi-square test or Fisher's exact test for categorical variables.
For the primary endpoint, an analysis of covariance (ANCOVA)
was conducted with baseline HbA1c as a covariate. If the ANCOVA results showed that the upper limit of the two-sided 95% confidence interval (CI) for the difference in least squares means was <0.4%, the non-inferiority of teneligliptin to sitagliptin was deemed to be established. A paired t-test or Wilcoxon's signed rank test was performed for intra-group change.
For the percentage of subjects achieving HbA1c < 7.0% or < Missing values in efficacy analyses were imputed with the last available value, using the last observation carried forward (LOCF) approach.
Two-sided tests were performed at a significance level of 5%.
Mean and SD were presented for continuous variables, and frequency and percentage were provided for categorical variables.
Efficacy was analysed primarily in the per protocol set (PPS) and safety was assessed in the safety set. The PPS was defined as all randomized subjects who received at least one dose of the investigational drug and had at least one HbA1c measurement after dosing, and who completed the study without major protocol deviations. The safety set included all subjects who received at least one dose of the investigational drug.
3 | RESULTS
| Patients
Of 290 subjects who were screened, 201 eligible individuals were ran- 
| Efficacy
Changes in HbA1c from baseline to week 24 and changes over time in the PPS are shown in Table 2 The proportion of patients achieving HbA1c < 7.0% at week 24 was 50.00% (n = 43) in the teneligliptin group and 59.26% (n = 48) in the sitagliptin group. The proportion of patients achieving the more stringent goal of HbA1c < 6.5% was 29.07% (n = 25) with teneligliptin and 18.52%
(n = 15) with sitagliptin. The inter-group differences of −9.26% and 10.55% for HbA1c < 7.0% and <6.5%, respectively, were not statistically significant (P = 0.2298 and P = 0.1103, respectively).
Significant reductions in FPG at week 24 were achieved in both groups: −12.00 AE 3.42 mg/dL in the teneligliptin group (P < 0.0001) and − 14.36 AE 3.53 mg/dL in the sitagliptin group (P = 0.0006) ( Table 2 ).
The inter-group difference of 2.36 mg/dL (95% CI: −7.35, 12.06; P = 0.6322) was not statistically significant. Seven-point SMBG profiles also indicated significant reductions in blood glucose relative to baseline at week 24 in both groups. .68; P = 0.0408) that was statistically significant. There were no differences between groups in MTT variables at week 24 ( Table 2 ).
| Safety
In the safety set, a total of 487 AEs were reported during the study in 124 subjects: 248 AEs in 63 subjects (61.76%) in the teneligliptin group and 239 AEs in 61 subjects (62.24%) in the sitagliptin group (P = 0.9442) ( Table 3 ). All were mild or moderate in severity, except for one severe event of pulmonary congestion in the teneligliptin group, assessed as unlikely to be related to the investigational product.
Rates of adverse drug reactions for which a causal relationship to the investigational drug could not be ruled out were also similar There were two serious AEs (SAEs) in two subjects (1.96%) in the teneligliptin group and three SAEs in three subjects (3.06%) in the sitagliptin group. AEs leading to treatment discontinuation were infrequent: two AEs in two subjects (1.96%) and one AE in one subject (1.02%) in the teneligliptin and sitagliptin groups, respectively (Table 3) . AEs leading to discontinuation were assessed as not related or unlikely to be related to the investigational drug. No AEs resulted in death.
Hypoglycaemic episodes were experienced by 32 subjects (31.37%) in the teneligliptin group and 28 (28.57%) in the sitagliptin group (P = 0.6656). One subject in each group experienced an episode of severe hypoglycaemia. One subject in the sitagliptin group withdrew from the study because of repeated hypoglycaemic episodes.
There were no notable findings in clinical laboratory tests, vital signs or physical examination. . 18 This lends further support to the notion that DPP-4 inhibitors may be more potent in reducing HbA1c levels in Asian patients. 6, 7 In addition to HbA1c, there are of course other meaningful parameters in managing T2DM, and many were assessed in the present study. Importantly, no significant differences were found between teneligliptin and sitagliptin in lipid profiles or glycaemic variability. Both teneligliptin and sitagliptin improved insulin resistance, based on HOMA-β, which is in line with previous data showing the positive impact of teneligliptin on insulin resistance. 25 In this study, the only significant difference between the two groups in any endpoint was a greater increase in active GLP-1 with the teneligliptin combination than with the sitagliptin combination.
This may reflect the potency of teneligliptin as an inhibitor of DPP-4, based on its unique binding characteristics derived from its chemical structure. 9 To the best of our knowledge, this is a unique finding, representing the first time that a significant difference in GLP-1 increase has been shown in a direct comparison of DPP-4 inhibitors.
Nevertheless, glycaemic control as measured by HbA1c was similar in both groups, which highlights an apparent discrepancy between a pharmacodynamic marker and clinical outcomes. DPP-4 inhibitors work indirectly to increase insulin blood levels through increasing the half-life of GLP-1. To achieve optimal glycaemic control, however, both increased blood levels of insulin as well as enhanced insulin sensitivity in the peripheral tissues are needed. We conclude that both teneligliptin and sitagliptin are effective DPP-4 inhibitors in humans to reach the expected pharmacologic action levels. Although the action of teneligliptin was stronger than that of sitagliptin, its clinical benefits may be limited beyond a certain saturation point.
In this study, levels of active GLP-1 in the blood were measured in the fasting state, but postprandial blood levels of active GLP-1 might have been a better marker of improvements in glycaemic control. HOMA-β was measured in the study before and after the addition of DPP-4 inhibitor, and significant increases were observed in both groups at week 24. This finding was meaningful because it showed improved insulin secretion because of the addition of a DPP-4 inhibitor to dual combination therapy.
Rates of hypoglycaemia were similar in both groups, and there was only one severe episode in each arm. Around 30% of patients (31.37% in the teneligliptin group and 28.75% in the sitagliptin group) in this study did experience any event of hypoglycaemia, with or without symptoms. Thus, it may be interpreted that adding teneligliptin to glimepiride may increase the risk of hypoglycaemia.
However, without a placebo-controlled arm, we were unable to conclude whether the incidence of hypoglycaemia was truly increased. Furthermore, the absolute majority of hypoglycaemic events in this study were asymptomatic and non-serious. This suggests that neither drug greatly exacerbated the potential for elevated risk of hypoglycaemia associated with sulfonylurea therapy, which is well documented.
Although a recent meta-analysis found a 50% increase in the risk of hypoglycaemia when a DPP-4 inhibitor was added to a sulfonylurea, compared with placebo added to a sulfonylurea, 26 in the present study, no patient in the teneligliptin group, and only one patient in the sitagliptin group, withdrew because of hypoglycaemia, and two more (also in the sitagliptin group) had glimepiride dose reductions to the permitted minimum of 2 mg/d (Figure 1) . Hence, the data suggest that, as a component of triple therapy, teneligliptin isn't any more significantly associated with hypoglycaemia than sitagliptin. Teneligliptin can be as safely combined as sitagliptin with a sulfonylurea providing there is careful monitoring of glycaemic control and appropriate dose adjustments are applied, when needed. Prescription of triple therapy should be justified on the basis of prior response to medications and balancing between the potential risks versus benefits.
Neither teneligliptin nor sitagliptin significantly increased mean body weight; hence, neither appears to exacerbate the body weight gain often associated with sulfonylureas. In conclusion, as recent guidelines have stipulated, selection of a third agent as add-on therapy to metformin and sulfonylurea should be based on the individual patient's clinical characteristics as well as on efficacy, side effects, mechanism of action, risk of hypoglycaemia, effect on body weight, patient preference, and combined comorbidity. 27 In this setting, the first-ever direct, head-to-head, comparative clinical trial of two DPP-4 inhibitors, teneligliptin and sitagliptin, in an Asian T2DM population who were not controlled with dual metformin/sulfonylurea combination therapy, clearly showed that teneligliptin 20 mg met the primary endpoint of showing non-inferiority to sitagliptin 100 mg. There were no significant differences between teneligliptin and sitagliptin in all other evaluated efficacy and safety variables, thereby indicating that teneligliptin provides an important treatment option in this setting of difficult-to-treat T2DM.
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